The enigmatic nova-like variable system AE Aquarii shows highly-transient multi-frequency emission from radio to possibly Very High Energy (VHE) [ε γ ≥ 0.1 TeV] gamma-rays that is most probably driven by the propeller ejection of material from the system by a rapidly rotating highly magnetized white dwarf. The propeller ejection of matter from the system results in the white dwarf to spin down at a rate ofṖ ≈ 6 × 10 −14 s s −1 , resulting in a spin-down power of P s−d ≈ 10 34 erg s −1 . The very effective magnetospheric propeller mechanism in AE Aquarii results in the accretion luminosity, derived from UV and X-ray measurements, to be only a fraction of the spin-down power, i.e. L acc ∼ 0.001P s−d . This implies that the reservoir driving the multi-frequency emission from radio to possibly VHE gamma-rays is most probably the spindown power associated with the loss of rotational kinetic energy of the white dwarf. This places AE Aquarii in the category of the rotational driven X-ray pulsars. It will be shown that the unique multi-frequency emission from AE Aquarii is intimitely tied to the the rapidly rotating magnetosphere of the white dwarf and propeller ejection of matter from the system. In this paper the energetics for particle acceleration will be investigated as well as the associated processes that drive emission from radio to possibly VHE gamma-rays in this unique system.
Introduction
Since its detection on photographic plates [1] AE Aquarii is probably one of the best studied sources in the sky. It shows multi-frequency transient emission from radio waves to possibly Very High Energy (VHE) [E γ ≥ 10 11 eV] gamma-rays (e.g. [2] for a review). The emission over all frequency regimes is highly transient (e.g. [3] ). The system consists of a rapidly rotating white dwarf with a rotation period of P * = 33.08 s orbiting a K3-5 secondary star every P orb = 9.88 hours, making this white dwarf system one of the most asynhronous rotators among the cataclysmic variables [4] . It has been noted that the pulsed fraction of the 33 s oscillation in optical (see Fig. 1 ) is anomalously low for an accreting system [5] resulting also in a low X-ray to optical luminosity ratio in AE Aquarii (e.g. [6] ), similar to other DQ Hercules, hence its initial classification as a DQ Her type system.
The Magnetic Propeller in AE Aquarii
The nearly continuous and rapid flaring [5] that is so prominent in AE Aquarii has been explained in terms of the propeller ejection of material from the system and the associated radiative cooling of colliding blobs in the propeller ejecta [7] . The magnetic propeller mechanism in AE Aquarii is the direct result of the rotational velocity of the white dwarf's magnetosphere exceeding the Keplerian velocity of the mass-flow stream from the secondary star by a significant amount [8] , which is illustrated in Fig 2. The exact mechansim driving the propulsion of matter from the system (see Fig. 3 ) has been explained in terms of two different models, i.e. a magnetic propulsion of diamagnetic blobs as they interact with the fast rotating magnetosphere [9, 10, 11] , and alternatively, mixing of magnetospheric field through Kelvin-Helmholtz instabilities resulting in magnetized blobs being ejected from the system [12, 13] . The propeller ejection of matter results in the white dwarf to spin down at a rate ofṖ ≈ 5.6 × 10 −14 s s −1 [14] , with an associated loss of rotational kinetic energy of the order of P s−d = IΩΩ ≈ 10 34 erg s −1 (e.g. [11] ).
Non-thermal radio outbursts have been detected from the AE Aquarii [15] and quantified in terms of expanding synchrotron emitting clouds of relativistic electrons [16] . This was the first direct evidence that AE Aquarii contains a particle accelerator that can accelerate electrons to relativistic energies. The transient nature of the non-thermal radio outbursts placed AE Aquarii in a catogory similar to Cyg X-3 [16] , albeit at a lower level. The detection of transient non-thermal radio flares from AE Aquarii was instrumental in the initiation of a search for TeV gamma-ray emission from AE Aquarii by two independent groups (e.g. [17, 18, 19] ).
AE Aquarii: A Spin-Powered X-Ray Pulsar
It has been suggested [20] that the multi-frequency emission from AE Aquarii is driven by the reservoir of spin-down power as a result of the propeller ejection of material from the system. Comparisons made between the X-ray (L X ∼ 10 30 erg s −1 ) and spin-down power (P s−d ∼ 10 34 erg s −1 ) in AE Aquarii (e.g. [21, 22, 2] ) shows the typical (L X ∼ 10 −3 P s−d ) behaviour inherent to the spinpowered X-ray pulsars, illustrated in Fig.4 . This places AE Aquarii in a unique category concerning the cataclysmic variable systems. Utilizing the Suzaku satellite, it has ben shown that the hard Xray spectrum (E x ∼ 12 − 25 keV) exhibits a possible power-law contribution with a photon index . Note the peculiar low pulsed fraction for a cataclysmic variable system during quescence and flares, as well as the broad band QPO's that appear in the optical power spectra during flares. Adopted from [19] . α ∼ 1.12 [22] , which may indicate a non-thermal contribution towards the hard X-ray emission at energies E x ≥ 10 keV (see Fig. 5 ).
In this general introduction it has been highlighted that AE Aquarii does not conform to the general behaviour of an accretion driven cataclysmic variable system. The fact that the propeller driven spin-down power of the white dwarf dominates the total multi-frequency emission implies that it is most probably the reservoir driving all, or most, of the multi-frequency emission in this system. The paper will be structured as follows: The following session presents a qualitative discussion of the energetics associated with particle acceleration in white dwarf magnetospheres, followed by a discussion of a possible scenario to explain propeller induced non-thermal radio flares involving the magnetospheric field of the secondary star. Then a discussion is presented of the possible pulsar driven weak, but consistent, emission in the Fermi-LAT energy window, as well as the reported VHE transient burst-like emission in AE Aquarii. This is followed by a conclusion.
Particle Acceleration in Rotating Magnetospheres
It can be shown (e.g. [23] ) that electric and magnetic fields in a reference frame co-moving Figure 4 : X-ray luminosity vs spin-down power of a population of spin-powered pulsars. The diagonal line shows the L x = 10 −3 P s−d relationship which seems to be inherent to spin-powered X-ray pulsars as well as AE Aquarii. Adopted from [21] . with a highly conducting fluid or plasma transform as follows
where β = v c and γ the Lorentz factor. The maximum energy that can be attained by a charged particle of charge Ze = q is
In the fast rotating magnetosphere of a compact object like a neutron star or white dwarf, these parameters are associated with the rotational velocity of the source with respect to a stationary observer. In the equation above R s and B represent the size of the source and the magnetic field in the frame of the source respectively. This expression clearly illustrates that for fast rotating compact objects, satisfying (β γ >> 1), the rotational kinetic energy reservoir relaxes the requirements for the strength of the intrinsic magnetic fields in the source to accelerate charged particles to high energies. It can be seen from Figure 6 that even white dwarfs, with magnetic fields ranging between ∼ 10 5 G − 10 8 G, can theoretically accelerate charged particles to energies of the order of ε max ∼ 10 20 eV [24] . A similar expression can be derived in the non-relativistic limit (γ → 1), by utilizing the magnetic induction equation [25] , which lead to two field components, perpendicular and parallel to the magnetic fields, i.e.
Here, R m represents the magnetic Reynolds number, which depends on the conductivity of the plasma, i.e. R m ∝ σ (e.g. [23, 26] ). Therefore it can be shown that for a highly conducting (σ → ∞) fluid, the equation for the perpendicular component reduces to the previous equation in the limit γ → 1, while the component of the electric field parallel to the magnetic field E || → 0. However, one can see that E || > 0 for a fluid with low conductivity. This parallel component of the electric field along magnetic flux tubes is the driving force behind the so-called BirkelandDessler currents flowing in perturbed magnetospheric circuits (e.g. [25] for a discussion). It can be seen that E || → ∞ for regions where R m → 0 (i.e. σ → 0), i.e. for anomalously low conductivity. If the electron conduction velocity exceeds the thermal velocity (v th = ( 3kT e m i ) 1/2 ) of the particles, microinstabilities can develop (e.g. [25] ), leading to anomalously low conductivity. This can be quantified in terms of the following expression [25] Bσ n e ≥ 10 2 , (2.4)
with n e the electron density, σ the plasma electrical conductivity and B the magnetic field. This shows that strong electric fields can be induced in low density plasmas confined by strong magnetic fields.
A consequence of strong field-aligned currents is the acceleration of particles in strong localized potential drops, or double layers (e.g. [27, 20] ). These structures can have dimensions of the order of ∼ 100 − 1000λ De (e.g. [28, 29] ), with λ De = 7(T /n e ) 1/2 representing the Debye length of electrons in a plasma. Laboratory experiments seem to indicate that multiple double layers can be induced in a system [29] and that the size of the system essentially determines the length-scale of these structures. In regions of anomalously low conductivity the currents will reach a critical value, i.e. j || = en e f c s , where c s represents the speed of sound and where n e is the electron density. Here f → 10 [27] represents a critical limit for the trigger of microinstabilities that will increase the resistivity of the plasma. The potential drop along the field lines can be determined from energy conservation arguments by comparing the electromagnetic Poynting flux flowing into the double layer with the particle flux out of the double layer [27] , i.e.
Φ || = em flux into double layer particle flux out of double layer
where v a = B/ √ 4πρ e represents the Alfvén velocity. An interesting consequence of double layer formation in regions where the electron density is extremely low is that the electric field becomes uncontrollably large, resulting in the total power to be released in terms of accelerated particles and possible associated high energy emission. The total power that can be released in accelerated particles is then (e.g. [20] )
where c represents the speed of light and d the width of the double layer.
In the following section it will be shown that the propeller action and associated pulsar-like spin-down in AE Aquarii may in fact be the driving force behind the transient multi-frequency emission in the system, from radio to possibly VHE gamma-rays.
The Non-Thermal Transient Multi-Frequency Emission in AE Aquarii
The fact that the white dwarf in AE Aquarii behaves like a spin-powered pulsar, combined with the magnetohydrodynamic processes associated with the propeller action, may have interesting consequences regarding particle acceleration and multi-frequency non-thermal emission from radio wavelengths to possibly also VHE gamma-rays, as have been reported contemporaneously by two independent groups [17, 18, 19] .
Propeller Driven Non-Thermal Radio Synhrotron Emission in AE Aquarii
The transient non-thermal radio emission in AE Aquarii [15, 16] have been previously modelled by [12, 13] in terms of expanding synchrotron emitting clouds. Firstly, [12] adopted a scenario where magnetized blobs are imbedded in the mass transfer flow from the secondary star, which are pumped by the fast rotating white dwarf magnetosphere in a betatron process, which accelerates electrons to mildly relativistic energies ε e ∼ 1 MeV in magnetic fields of the order of 1000 G (see Fig. 7 ). An alternative process was considered [13] where Kelvin-Helmholtz instabilities produce
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The Propller White Dwarf in AE Aquarii P.J. Meintjes magnetized bubbles in the propeller outflow, with reconnecting magnetic fields accelerating the trapped electrons to energies of the order of ε e ∼ 20 MeV in moderate fields of ∼ 400 G (see Fig.  8 ).
There is however the possibility that the transient non-thermal radio emission may originate in the magnetospheric field of the secondary star, which is pumped continuously by the white dwarf magnetosphere or the propeller ejected outflow which rams into magnetic prominences extending from the surface of the magnetic secondary star. It has been shown [30] that the secondary stars in cataclysmic variables may have a large scale magnetospheric flux tubes, or prominences, that may extend to the white dwarf star in many cases (see Fig. 9 ). It has been shown [31] that any disturbance of these magnetospheric flux tubes of the secondary star can account for field aligned potentials and currents, where particles can be accelerated in zones of low conductivity. It can readily be shown that these potentials, for the parameters selected, can reach values of which correlates well with the observed frequency range (see Fig. 7 and Fig 8. ) associated with non-thermal transient synchrotron emission in AE Aquarii.
The Propller White Dwarf in AE Aquarii P.J. Meintjes Figure 9 : The magnetsopheric circuit in AE Aquarii. Adopted from [31] .
Pulsar-like Particle Acceleration in AE Aquarii: Suzaku and Fermi-LAT
The presence of a power-law component in the Suzaku X-ray spectrum (see Fig. 5 ) above 10 keV presents an interesting possibility of a pulsar-like particle accelerator in AE Aquarii. The Suzaku hard X-ray spectrum seems to suggest a power-law contribution, with a photon index of Γ ∼ 1 [22] , possibly a signature of a non-thermal emission process. The pulsar-like acceleration of particles in the white dwarf magnetosphere in AE Aquarii has been investigated by [22, 3] and [8] . It has been shown that huge potentials of the order of
can be induced between the white dwarf surface and the light cylinder, which can accelerate charged particles to VHE-TeV energies. Here P 33 and µ 33 represent the white dwarf spin period (33 s) and the magnetic moment of the white dwarf (∼ 10 33 G cm 3 ) respectively. Keeping in mind synchrotron losses, [8, 3] showed that relativistic electrons with Lorentz factors of the order of γ ∼ 10 5 will radiate synchrotron radiation in the magnetospheric field (B lc ∼ 100 G) in the proximity of the light cylinder at frequencies ν ∼ few × 10 18 B 100 γ where B 100 and γ 5 represent the magnetic field (∼ 100 G) and Lorentz factor (∼ 10 5 ) respectively. It was further shown that the inverse-Compton scattering between γ ∼ 10 5 electrons and optical photons from the seconday star (ε ph < 5 eV), provide interesting possibilities for the production of gamma-rays with energies of the order
which would place it in the Fermi-LAT energy range [3, 8, 32] . A Fermi-LAT study of pulsed emission in AE Aquarii [33] revealed no steady emission above the noise-level, but some weak consistent pulsed signatures at the first harmonic 2F • (16.54 s) of the fundamental frequency F •
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The Propller White Dwarf in AE Aquarii P.J. Meintjes (33.08 s). In a search, involving separate energy bins, it has been shown [33] that a consistent modulation at 2F • (= 16.64 s) is present in all the energy bins (see Fig. 10 ). The power spectrum involving the combination of the energy bins reveals a consistent pulsation at 2F • , albeit in the noise level regarding overall significance (e.g. Fig. 11 ).
Possible VHE Gamma-ray Emission in AE Aquarii
The possibility of AE Aquarii being a VHE gamma-ray source exits since the 1990's as a result of contemporaneous reports by two independent groups (e.g. [17, 18, 19] ). The common denominators between the independent reports were that the VHE emission seems to be transient, associated with periods of enhanced optical activity (flares) (see Fig. 12 ) and in some cases burstlike (see Fig. 13 ). Similar burst-like emission was reported by the other group observing contemporaneously from Australia [17] . The overall significance of these reports of pulsed emission was at the 99.995% level [18, 19] .
The teoretical foundation for this highly transient emission [20] is associated with strong electric potentials developing along the sheared magnetic flux tubes of the white dwarf as a result of the propeller ejection of material. Magnetic shear in the ejection region will induce field-aligned currents in the magnetosphere. Huge potential differences (double layers) can be generated in these circuits where the gas density is low. This will occur close to the white dwarf. In this region potentials of the order of Φ ∼ 300 TV (TV = teravolt) can be generated [19, 20] over very short timescales. As protons and ions are not affected by synchrotron losses, energies in excess of 1 TeV are possible. Very High Energy (VHE) gamma-ray emission can be produced if these proton and ion beams collide with the clumpy gas in, or outside, the ejection zone, producing π • mesons which will decay almost instantaneously into gamma-rays. VHE gamma-ray emission is possible, if the gas particle density of the target matter is approximately N g ∼ 10 13 cm −3 .
Conclusions
It has been shown that every form of multi-frequency thermal and non-thermal emission in AE Aquarii from radio to possibly VHE gamma-rays is the direct result of the propeller ejection of
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The Propller White Dwarf in AE Aquarii P.J. Meintjes Figure 12 : Pulsed TeV gamma-ray emission from AE Aquarii at a period close to the spin period of the white dwarf detected during nights where the system show significant flaring activity. The flaring activity was confirmed with simultaneous optical photometry carried out by the author utilizing a 30 inch reflector telescope at the South African Astronomical Observatory (SAAO). Adopted from [19] . Figure 13 : Burst-like TeV gamma-ray emission from AE Aquarii during periods of enhanced optical activity. The bottom lightcurves represent the photocurrents of the respective Nooitgedacht Cerenkov units that were operational that night. The stability indicates that the bursts were not induced as a result of instrumental mulfunction. Adopted from [19] .
matter from the system. It has been shown that the low accretion in this propeller phase may result in pulsar-like potentials to be induced in the white dwarf magnetosphere, which may result in a pulsed signature being visible in Fermi-LAT data. A weak, but consistent periodic modulation at the first harmonic of the spin period, namely P 1 = 16.54 s has been detected in the Fermi-LAT data, with follow-up analysis underway to substantiate this detection. It has also been pointed out that propeller driven potentials being induced in the secondary star and white dwarf magnetospheres respectively may indeed be the driving mechanisms behind the observed transient multi-frequency emission from radio to possibly VHE gamma-rays. This results in AE Aquarii truely being a unique laboratory for the study of multi-frequency emission through a variety of processes.
The Propller White Dwarf in AE Aquarii P.J. Meintjes DISCUSSION DAVID BUCKLEY: What analogies can be drawn between AE Aquarii and the so-called "red back" neutron star binaries which transition between propeller and accretor states?
PIETER MEINTJES: It is quite possible that AE Aquarii will enter the accretor phase when the white dwarf has spun down sifficiently, perhaps when the rotational period is of the order of a minute or longer, like DQ Hercules. In the propeller phase the spin-down power from the white dwarf in AE Aquarii is believed to be the reservoir that drives the total thermal and non-thermal emission from the system from radio to possible VHE gamma-rays. It is quite possible that these red-back binaries you refer to may also exhit epochs of non-thermal emission when these systems enter the propeller regime. For AE Aquarrii bursts of TeV gamma-ray emission have been reported in the 1990s by two independent groups, where the reported gamma-ray emission amounted to 100% of the spin-down power. It is still a matter of debate what the conversion efficiciency of spin down power to non-thermal Very High Energy (VHE) emission in accretion driven systems may be since that will determine how likely a detection of this will be in neutron star binaries. The significant increase in the sensitivity of future telescopes like meerKAT, SKA and CTA make this a very interesting science case for future studies.
ELMÉ BREEDT: Do you detect periodicity in the radio emission of AE Aquarii?
PIETER MEINTJES: There have been attempts to search for the 33 s rotation period of the white dwarf in the initial radio studies utilizing the VLA. No periodic signal could be discerned in the radio data in these initial studies since the frequency power spectrum was too noisy. I guess the determining factor will be the sensitivity of the telescope and the integration time. To see the 33 s period I guess the required integration time is significantly less than 33 seconds, perhaps just too short for the sensitivity of the VLA in the 1980s when these studies have been conducted initially. I understand that the system got a significant upgrade since then and it may be a very interesting exercise to repeat this study and search for a non-thermal 33 s signature, which may point to a pulsar-like process acting in the white dwarf magnetosphere. Hard X-ray measurments show a pulsed non-thermal component above 10 keV and the ratio of X-ray luminosity to spin-down power places AE Aquarii in the realm of the spin-powered X-ray pulsars. So with the required sensitivity levels one may definitely investigate this again, given that we are moving into an era where the meerKAT and SKA telescope systems will provide unpresidented sensitivity in the radio window.
